ABSTRACT: Aberrant activation of the epidermal growth factor receptor (EGFR), a prototypic receptor tyrosine kinase, is critical to the biology of many common cancers. The molecular events that define how EGFR transmits an extracellular ligand binding event through the membrane are not understood. Here we use a chemical tool, bipartite tetracysteine display, to report on ligandspecific conformational changes that link ligand binding and kinase activation for full-length EGFR on the mammalian cell surface. We discover that EGF binding is communicated to the cytosol through formation of an antiparallel coiled coil within the intracellular juxtamembrane (JM) domain. This conformational transition is functionally coupled to receptor activation by EGF. In contrast, TGFα binding is communicated to the cytosol through formation of a discrete, alternative helical interface. These findings suggest that the JM region can differentially decode extracellular signals and transmit them to the cell interior. Our results provide new insight into how EGFR communicates ligand-specific information across the membrane.
T he epidermal growth factor receptor (EGFR/ErbB1/ HER1) receives a stimulus in the form of an extracellular binding event and communicates this information across the cell membrane to effect diverse signaling outcomes.
1 When this communication is misregulated via overexpression or mutation, the signaling consequences are associated with a variety of human diseases, including cancer. Therefore, deciphering how EGFR conveys information across the cell membrane is essential to our understanding of its role not only in normal biology, but also in disease progression and therapeutic response.
1,2 Here we apply a novel chemical tool to identify ligand-specific conformational changes that link ligand-induced reorganization of the extracellular domains to kinase domain activation in the context of full-length receptor in mammalian cells. Our findings suggest that the intracellular juxtamembrane segment plays a crucial role not only in receptor activation but also in relaying the identity of the bound ligand to the cytosol.
Roughly three decades have passed since EGFR was first identified as a single-pass transmembrane receptor tyrosine kinase, yet the mechanism through which it conveys extracellular signals across the plasma membrane remains illdefined. It is known that extracellular ligand binding induces an intracellular structural transition to result in kinase activation through an asymmetric homodimeric interface ( Figure  1A ).
1,3−6 However, the nature of this transition has remained elusive because of limited structural information describing how the EGFR extracellular and intracellular domains are connected.
1,3−5,7−12 Recent studies have demonstrated that the structurally undefined intracellular juxtamembrane (JM) segment is critical for information transfer by EGFR.
9,11,13−15
Deletion of the JM segment abrogates receptor activation, 15 and crystallographic studies identify contacts with the Cterminal portion of the JM domain that stabilize the active, asymmetric kinase domain interface. 9, 14 Furthermore, the intracellular JM domain is required for the observed negative cooperativity in EGF binding.
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Recent in vitro studies of the N-terminal portion of the JM segment suggest one model for how this domain might potentiate kinase activation. 9 NMR studies revealed that a short segment of the N-terminal JM region displays nascent helicity in vitro and that when two copies of this sequence are fused by a short, flexible linker, the polypeptide folds into an antiparallel coiled coil. 9 Notably, no defined interhelical interaction was observed in the absence of the linker, suggesting that the antiparallel interaction may only occur when enforced by an increase in effective concentration and may not represent the exclusive association geometry. Moreover, it has not been established whether this association is the unique allosteric link that couples extracellular ligand binding to intracellular kinase activation for a full-length receptor at the plasma membrane.
Here we use a novel chemical tool, bipartite tetracysteine display, 17, 18 to probe structure within the intracellular JM domain of full-length EGFR expressed on the mammalian cell surface. Bipartite tetracysteine display reports on protein conformation and association via a turn-on fluorescent signal that results from coordination of a bis-arsenical fluorophore (ReAsH) 19, 20 to an encoded tetracysteine motif that is reconstituted only when the protein is folded and assembled properly ( Figure 1A−D) . 17 Formation of a bipartite ReAsH binding site is functionally coupled to protein structure and/or association. Therefore, bipartite tetracysteine display is uniquely suited to discern discrete protein interactions within the dynamic environment of a mammalian cell.
In this work we exploit bipartite tetracysteine display to demonstrate that ligand binding to the EGFR extracellular domains is transmitted across the membrane into a defined dimeric helical interface within the JM. Additionally, we discover that ligand identity is communicated to the cell interior through distinct JM conformations. In the presence of EGF and certain other EGFR ligands, our data support formation of the antiparallel helical dimer that can also assemble in vitro. 9 In the presence of transforming growth factor-α (TGFα), however, this antiparallel coiled coil is not formed and an alternative helical interface is present. Formation of these structures is contingent on the ability to assemble an asymmetric kinase interface, providing evidence that the diversity of potential JM interactions imparts a mechanism to transmit ligand-specific information to the kinase domains. Therefore, our findings suggest that the JM segment plays a crucial role not only in receptor activation but also in decoding and relaying extracellular signals to the cytosol.
■ RESULTS AND DISCUSSION
Design of Bipartite Cys-Cys Variants within the EGFR Intracellular Juxtamembrane Domain. The JM segment is proposed to associate into an antiparallel coiled coil based on NMR structural information acquired for a tethered peptide dimer in isolation. 9 We designed full-length EGFR variants containing judiciously placed Cys-Cys pairs to test the hypothesis that the intracellular JM segment assembles into a coiled coil upon EGF binding in the context of the full-length homodimeric receptor ( Figure 1B−D) . We used the modeled coordinates generated by Jura et al. 9 If the JM coiled coil were present in the JM Cys-Cys EGFR Variants Are Present at the Cell Surface and Activated by EGF. We first set out to confirm that the introduction of Cys-Cys pairs in the EGFR JM segment would not affect ligand-dependent kinase activation. When CC H -1 and CC L -1 were expressed in CHO cells, the levels of EGF-dependent phosphorylation at Y1173 were comparable to those for wild type EGFR. In addition, the basal level of phosphorylation at Y1173 of CC H -1 and CC L -1 in the absence of ligand was also comparable to that of wild-type EGFR. Importantly, when the CC H -1 and CC L -1 variants were expressed in CHO cells and treated with ReAsH, there was no appreciable change in the levels of phosphorylation at Y1173, 36 Intercysteine distances are measured from the sulfur atoms. (C) Bipartite Cys-Cys EGFR variants expected to be labeled with ReAsH if the proposed antiparallel coiled coil is formed (see also Supporting Figure S5 ). (D) Bipartite Cys-Cys EGFR variants not expected to be labeled with ReAsH due to an unfavorable binding site geometry when the coiled coil is present. (E) Representative TIRFM images of cells expressing CC H -2 and CC H -3 EGFR treated with ReAsH in the presence and absence of EGF. TIRFM images for CC H -4, CC H -5, and CC H -6 can be found in Supporting Figure S4 . (F) Quantification of TIRFM results as a fold increase relative to background that is normalized for receptor expression levels. n is the number of cells quantified. Error bars represent the standard error. * p < 0.05, ** p < 0.01, and **** p < 0.0001, t test analysis. The pattern of ReAsH labeling for a series of Cys-Cys variants provide further evidence that the JM interacts through an antiparallel coiled coil when EGFR is stimulated with EGF. Additional analysis (Supporting Figure S5 ) rules out parallel association in the two most likely registers. either in the presence or absence of EGF (Supporting Figure  S1 ). We further confirmed that wild type, CC H -1, and CC L -1 EGFR variants were expressed on the cell surface using a surface biotinylation assay (Supporting Figure S1 ). 21 These experiments revealed that the higher molecular weight species resolvable by SDS-PAGE is the mature, cell surface form of the receptor and that this species displays an EGF-dependent increase in phosphorylation at Y1173.
Development of a TIRFM Assay To Monitor ReAsH Labeling of Cys-Cys EGFR Variants. We next developed an experimental protocol that could evaluate ReAsH labeling in a manner uncomplicated by normal receptor internalization upon addition of EGF. We chose to circumvent ligand-stimulated receptor internalization by chemically inhibiting endocytosis preceding stimulation by EGF and labeling with ReAsH. This inhibition protocol did not prevent ligand-dependent phosphorylation of wild type, CC H -1, and CC L -1 EGFR (Supporting Figure S1 ). 4,22−24 As we were interested primarily in the ReAsH signal at the plasma membrane, we relied on total internal reflectance fluorescence microscopy (TIRFM) to monitor levels of ReAsH fluorescence. We note that this strategy effectively enhanced the signal of interest by diminishing the signal from non-specific cytosolic ReAsH staining 25 by restricting fluorophore excitation and emission to a small (100−200 nm) cell surface plane. Receptor expression was monitored using fluorescently labeled antibodies to an Nterminal FLAG epitope ( Figure 1B ). Taken together, these results and protocols support the viability of using bipartite tetracysteine display to study the EGFR activation mechanism.
Bipartite Tetracysteine Display Can Distinguish Preformed and EGF-Bound EGFR Dimers. We used this detection scheme to test the hypothesis that the JM region in full-length EGFR associates into a dimer upon EGF binding. To begin, we incubated mammalian cells expressing CC H -1 EGFR (green) with or without EGF (100 ng/mL, 16.7 nM) in the presence of endocytosis inhibitors and subsequently added ReAsH. Under these conditions, it was possible to discern a significant increase in ReAsH signal (red) only when EGF was present ( Figure 1E ). As summarized in Figure 1F , cells expressing CC H -1 EGFR displayed roughly 2-fold greater normalized red fluorescence relative to background when stimulated with EGF. This fold increase measurement corrects for differences in expression level (see Methods section). Furthermore, we do not observe a correlation between this normalized fold increase in ReAsH signal and receptor expression levels, suggesting that any effects resulting from receptor density are minimal. This fold increase was comparable to that obtained for cells expressing an EGFR variant containing a linear tetracysteine tag fused to the Cterminus (Supporting Figure S2) . Cells expressing wild-type EGFR or a variant containing only one engineered cysteine residue displayed negligible increases in ReAsH signal in the presence and absence of EGF (Figure 1E ,F; Supporting Figure  S2 ). Consistent with our expectations, cells expressing CC L -1 EGFR also displayed a 2-fold increase in normalized ReAsH fluorescence at the cell surface in the presence of EGF. In the absence of EGF, however, cells expressing CC L -1 EGFR retained a significant increase in ReAsH fluorescence at their surface, whereas cells expressing CC H -1 EGFR did not ( Figure  1E,F) . In the absence of endocytosis inhibitors, ReAsH-labeled endosomes containing EGF were observed in cells expressing CC H -1 and CC L -1 EGFR variants (Supporting Figure S3) . The EGF-dependent increase in ReAsH fluorescence observed for CC H -1 EGFR but not CC L -1 EGFR suggests that EGF binding results in the formation of a discrete dimeric interaction within the JM.
Bipartite Tetracysteine Display Confirms the Antiparallel JM Interaction Is Present When EGFR Is Activated by EGF. To provide evidence that the dimeric interaction between JM segments induced by the addition of EGF is a discrete, antiparallel coiled coil, we designed a set of additional Cys-Cys EGFR variants based on the modeled structure of the isolated, tethered JM antiparallel coiled coil. 9 Two of these variants were expected to respond identically to CC H -1 EGFR, as the Cys-Cys pairs remain proximal on one face of the proposed antiparallel coiled coil: CC H -2 and CC H -3 ( Figure 2C ). We also designed three constructs (CC H -4, CC H -5, and CC H -6) with substitutions at positions we predicted would not be labeled by ReAsH because the Cys-Cys pairs are displaced axially and are no longer proximal ( Figure 2D ). Western blot analysis revealed that all variants exhibited a ligand-dependent increase in receptor phosphorylation (Supporting Figure S4 ). None of these variants (CC H -2, CC H -3, CC H -4, CC H -5, or CC H -6) were labeled by ReAsH in the absence of EGF (Figure 2E,F; Supporting Figure S4 ). In the presence of EGF, however, mammalian cells expressing CC H -2 and CC H -3 EGFR variants displayed a significant fold increase in ReAsH signal at their surface when stimulated with EGF (2.2 and 1.8, respectively), whereas cells expressing CC H -4, CC H -5, and CC H -6 did not (Figure 2E,F; Supporting Figure S4 ). These data are consistent with the hypothesis that the dimeric interface assembled within the JM of EGFR in the presence of EGF is an antiparallel coiled coil.
We also used these results to further explore and identify the register and orientation of the helical association (Supporting Figure S5 ). In particular, the ReAsH labeling results obtained for CC H -1, CC H -2, and CC H -3 are most consistent with an antiparallel orientation in the register proposed by the Jura et al. study ( Figure 2C , Supporting Figure S5 ) and are inconsistent with a parallel arrangement of the two helical regions in the two most probable registers.
9 Therefore, these results provide evidence that the JM antiparallel helical interaction observed for the tethered helices in vitro 9 is present when EGFR on the cell surface is stimulated with EGF.
Bipartite Tetracysteine Display Links the JM Coiled Coil Interaction to Kinase Domain Activation. Our results thus far demonstrate that the binding of EGF to full-length EGFR leads to formation of an antiparallel coiled coil within the intracellular JM. To explore how this conformation is linked to kinase activation, we made use of two known EGFR mutations that impair ligand-dependent receptor activation.
5,9
We prepared a variant of CC H -1 containing two mutations (R656,657G) within the JM that have been reported to disrupt helicity and attenuate receptor activity. We also prepared a CC H -1 variant containing an inactivating point mutation (V924R) that prevents formation of the asymmetric dimer interface ( Figure 3A) . When cells expressing R656,657G and V924R variants of CC H -1 were exposed to EGF in the presence of endocytosis inhibitors and incubated subsequently with ReAsH, there was no relative increase in ReAsH fluorescence at the cell surface ( Figure 3C,D) . Western blot analysis confirmed that neither receptor variant was activated by EGF ( Figure 3B ). The absence of ReAsH labeling in these variants implies a structural linkage between formation of an antiparallel JM coiled coil and the activation state of the receptor: not only does formation of the asymmetric kinase interface depend on helical structure within the JM, 9 but helical structure within the JM depends on formation of an asymmetric kinase interface (V924R). In particular, these results demonstrate that the ability of CC H -1 to bind ReAsH is dependent on the formation of helical structure within the JM (R656,657G) and on the ability to form an asymmetric kinase interface (V924R). Furthermore, a classic in vitro disulfide exchange assay 26 yielded no appreciable association between JM helices, even at high micromolar concentrations (Supporting Figure S6) . Taken together, these results are consistent with a model in which JM association is functionally linked to the global conformation of the intact activated receptor. In other words, the binding of EGF to the EGFR extracellular domain results in a structural change leading to assembly of the intracellular asymmetric kinase interface; this structural signal is transmitted through the formation of an antiparallel coiled coil within the JM segment to which the binding and fluorescence of ReAsH is linked. Consequently, ReAsH binding is positively linked to the global conformation and activation of the homodimeric receptor.
Bipartite Tetracysteine Display Reveals the Antiparallel JM Interaction Is Not Present When EGFR Is Activated by TGFα. Formation of an antiparallel JM helical interaction in the presence of EGF does not provide a clear model to explain how extracellular ligand identity might be transmitted to the intracellular kinase domains. Is this substructure assembled in the presence of all activating ligands, or might the well-known plasticity of coiled coil domains be exploited to transmit ligand identity? To explore these issues, we treated cells transfected with CC H -1 EGFR with alternative activating ligands (heparin-binding EGF (HB) and transforming growth factor-α (TGFα)), along with a related growth factor that does not activate EGFR (heregulin-α, HRG). We confirmed by Western blot analysis that both wild-type and CC H -1 EGFR were activated by the addition of HB and TGFα, but not by HRG, as assessed by phosphorylation at Y1173 ( Figure 4A ). As expected, when mammalian cells expressing CC H -1 EGFR were stimulated by HB (16.7 nM) in the presence of endocytosis inhibitors, we observed a ReAsH signal comparable to that obtained using equimolar concentrations of EGF; when treated with HRG (16.7 nM), there was no relative increase in ReAsH signal at the cell surface ( Figure 4B,C) . When stimulated with TGFα (16.7 nM), cells expressing CC H -1 EGFR did not exhibit any relative increase in ReAsH signal at their cell surface, even when the TGFα concentration was increased 10-fold ( Figure 4B,C) . These results suggest that the activation of EGFR by HB occurs through formation of an antiparallel coiled coil that resembles that formed upon activation with EGF, whereas activation by TGFα does not. In the case of TGFα, the relative orientation of the JM segments upon ligand binding must be different than the antiparallel coiled coil that assembles upon activation by EGF.
An Alternate and Discrete JM Interaction Is Present When EGFR Is Activated by TGFα. These results suggest that the activated EGFR homodimer has a unique conformation depending on which ligand is bound. We next sought to understand just how substantial these structural differences might be. When an EGFR point mutant (V924R) that prevents formation of the asymmetric dimer was expressed in CHO cells, there was no detectable phosphorylation at Y1173 regardless of which ligand (EGF or TGFα) was used ( Figure  5A ). Introduction of the reported helix disrupting R656,657G mutation impaired EGF-and TGFα-dependent activation of wild-type EGFR to the same extent ( Figure 5A ). These observations suggest that the ability to adopt the asymmetric kinase interface and the presence of intact JM helices is required for activation by both EGF and TGFα. In the context of our studies, this finding is consistent with a model in which ligand identity is transmitted through small structural changes that are distinct from the global conformation required for kinase domain activation.
Building on the observation that helicity within the JM is important for activation by both EGF and TGFα, we reexamined two constructs, CC H -5 and CC H -6, that were previously not labeled by ReAsH when stimulated with EGF (see above: Figure 2D−F; Supporting Figure S4 ; Figure 5B ). When cells expressing either CC H -5 or CC H -6 EGFR were exposed to TGFα in the presence of endocytosis inhibitors and subsequently incubated with ReAsH, there was a significant increase in normalized ReAsH signal at their cell surface (1.6-and 1.4-fold, respectively), although the magnitude of the increase was not as large as for CC H -1 stimulated with EGF. In the absence of any activating ligand, or in the presence of EGF, cells expressing CC H -5 and CC H -6 did not yield an increase in ReAsH labeling above background ( Figure 5C,D) . Together, these results indicate that the structural change that occurs in the JM upon activation by TGFα is distinct from that which occurs when the receptor is activated by EGF.
A Structural Explanation for Ligand-Specific Orientations of the Intracellular JM Helices. Structures of the EGFand TGFα-bound forms of the EGFR ectodomain were reported in 2002; these structures share many commonalities and are often cited synonymously. 18,27−29 We reasoned that any structural differences between EGF-or TGFα-activated intracellular domains must propagate from the extracellular ligand binding domains. Building on a prior analysis, 30 ,31 we Quantification of TIRFM results as a fold increase relative to background that is normalized for receptor expression levels. n is the number of cells quantified. Error bars represent the standard error. ** p < 0.01, *** p < 0.001, **** p < 0.0001, one-way ANOVA with Bonferroni post-analysis accounting for multiple comparisons. TGFα leads to a structural transition in the JM helices, allowing for CC H -5 and CC H -6 to be labeled with ReAsH. These findings suggest that activation of EGFR by TGFα occurs through a JM helical orientation that is distinct from the antiparallel coiled coil determined for activation by EGF.
further compared these structures and identified a difference in the orientation of domain IV depending on ligand identity (Figure 6 ). In the EGF-bound crystal structure, the C-terminal region of domain IV in each monomer forms a homodimeric interface that buries a solvent-exposed surface area of 430 Å 2 ( Figure 6A ,C) However, in all three TGFα-bound homology models there is a substantial steric clash between the two Ctermini of domain IV within the EGFR dimer ( Figure 6B,C) . The structure and orientation of domains III−IV is consistent across all structures analyzed, each of which was obtained using different crystallization conditions and distinct crystal lattices. Within the context of our study, this analysis suggests that the C-terminal region of domain IV in the dimer adopts a different orientation depending on whether TGFα or EGF is bound. This change in orientation would then propagate through the TM domains and affect the relative orientation of the JM helices. At present, we cannot exclude the possibility that the binding of TGFα induces a significant conformational change in the EGFR ectodomain that has not been observed in existing crystal structures; such a change could also affect the relative disposition of the JM helices. Therefore, our analysis of existing structural information is consistent with the finding that activation by TGFα occurs through an orientation of the JM helices that does not correspond to the antiparallel coiled coil elucidated for activation by EGF. In particular, our analysis suggests that differential signaling by TGFα may propagate through a change in the relative orientation of the TM resulting in structural differences in the JM domain.
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Conclusions. Despite multiple high-resolution views of the EGFR extracellular and intracellular domains, a complete understanding of how the intact receptor transmits information across the plasma membrane has remained elusive. Two regions of poorly defined structure, the transmembrane helix and the juxtamembrane (JM) region, present a genuine obstacle to defining the coupled conformational changes that must occur during transmembrane signaling. An additional layer of complexity is provided by the observation that multiple transmembrane helix interfaces are compatible with signaling. 33 This finding has led to the conclusion that the extracellular and intracellular domains are "loosely linked", 33−35 which makes it especially difficult to understand how ligand-specific signals are differentially propagated. Here we have used bipartite tetracysteine display 17 along with the bis-arsenical dye ReAsH 19 to probe the structural changes that underlie EGFR activation for full-length receptor in mammalian cells. Bipartite tetracysteine display is uniquely suited for this task because the preferred binding site for ReAsH, based on the structurally characterized linear ReAsH− tetracysteine complex, 36 is a polygon in which four cysteines occupy vertices spaced 4−7 Å apart. Although some flexibility is tolerated, 18, 29 this geometric requirement facilitates the use of ReAsH as a high resolution probe for local structure. In this work, the structural prerequisite for ReAsH binding has allowed us to distinguish active EGFR dimers from those that are preformed and inactive. Furthermore, these demanding geometric constraints have also permitted us to demonstrate that the antiparallel JM coiled coil, which assembles in vitro and in isolation, 9 exists on the surface of mammalian cells when the receptor is activated by EGF.
The spatial requirements for ReAsH binding also enabled the discovery that this same antiparallel coiled coil does not form when EGFR is activated by the related ligand TGFα and that instead a discrete, alternate (but still helical and dimeric) JM interaction occurs. Three models for the dimeric structure formed in the presence of TGFα are compatible with our result. In the first model, the JM helices remain antiparallel but are displaced axially from their orientation in the EGF-activated dimer; we refer to this arrangement as a "slipped antiparallel dimer". The second model is a parallel coiled coil, though not necessarily in the registers explored by Jura et al. A third alternative is that TGFα binding eliminates a specific interhelical interaction between the EGFR JM segments, but the helices remain folded and proximal. The observation that ReAsH binds to only a subset of bipartite Cys-Cys EGFR variants argues against models in which the JM segments lack helical structure in the presence of ligand. Further work is necessary to discriminate between these three possibilities. Regardless of the model, our results indicate that ligand identity is communicated by EGFR through the formation of multiple, discrete, helical JM conformations.
It has been known for two decades that alternative growth factor ligands such as EGF and TGFα lead to distinct EGFRmediated signaling outcomes and that EGF-and TGFα-bound receptors are trafficked differently (NB: heparin-binding EGF (HB) is trafficked similarly to EGF). 31 ,37−41 Our findings provide, to our knowledge, the first structural evidence that differential signaling by alternative ligands is propagated through unique structures. Coupled with our observations that the asymmetric kinase domain interface and intact JM helices, respectively, are essential for EGFR activation by both EGF and TGFα, our ReAsH-labeling results suggest that interhelical JM interactions may act as a versatile switch through which such signals are propagated. Further work will be necessary to fully characterize this previously unidentified aspect of differential EGFR signaling. Together, the results herein provide new insight into the complex mechanism through which EGFR transmits signals from the cell surface to the interior.
■ METHODS EGFR Activation in Mammalian Cells. CHO-K1 cells (roughly 1.2 × 10 6 ) were seeded into 100 mm dishes (BD Falcon) and incubated at 37°C in 5% CO 2 for 24 h. Transfection of full-length EGFR variants was accomplished using TransIT-CHO (Mirus) according to the manufacturer's instructions. After 8 h, the cells were serum-starved in F-12K with 1% FBS for 16 h. At this time, cells were harvested, washed, and pelleted into two wells of a 96-well plate. Cells were resuspended in either 0.2 mL of unlabeled EGF (100 ng/ mL, 16.7 nM) in serum-free media or 0.5 mL of serum-free media.
[Please note: when other growth factors were used in place of EGF, the concentration was 16.7 nM.] The plates were incubated at 37°C for 5 min, and then the cells were pelleted. The supernatant was removed, and the cells were washed and then resuspended in 200 μL of lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1% Triton X-100, pH 7.5) containing 1 mM sodium orthovanadate and a protease inhibitor cocktail (Roche) and were incubated on ice for 1.5 h. The lysates were clarified by centrifugation. Total protein concentrations were determined using the Bradford protein assay (Bio-Rad) in order to normalize the total amount of protein loaded onto the gels (10 μg per lane). SDS-PAGE analysis was accomplished using 10% polyacrylamide gels (BioRad) and was followed by transfer to PVDF membranes (iBlot apparatus, Invitrogen). The membranes were blocked with 5% milk in TBS-T (50 mM Tris, 150 mM NaCl, 0.1% Tween, pH 7.4) for 2−3 h, followed by incubation with primary (mouse α-FLAG or rabbit α-pY1173) antibodies for 16−18 h at 4°C. The membranes were washed three times with 5% milk in TBS-T (2X 5 min; 1X 15 min) and exposed to secondary HRP-conjugated α-mouse (FLAG) or α-rabbit (pY) antibodies for 1.5 h. The membranes were washed again using TBS-T, as above, and then were developed using ImmunStar WesternC chemiluminescent reagents (BioRad). Chemiluminescent detection was performed using a ChemiDoc XRS+ (BioRad)
Surface ReAsH Labeling Studies. CHO-K1 cells (75,000) were seeded into glass-bottomed MatTek 35 mm dishes coated with fibronectin and cultured for 24 h. Transient transfection with the EGFR variant of interest was accomplished using TransIT-CHO (Mirus) according to the manufacturer's instructions. After 8 h, the cells were serum-starved using 1% serum in F-12K for 16 h. Receptor endocytosis was inhibited by incubation with an ATP synthesis inhibition cocktail (10 mM NaN 3 , 2 mM NaF, and 5 mM 2-deoxy-Dglucose) for 1 h. At this time, the cells were stimulated with 1 mL of unlabeled EGF (100 ng/mL in serum-free ATP inhibition media) or media alone for 30 min at 8°C. The EGF solution was removed, and the cells were washed once with ATP inhibition media before incubation with 150 μL of ReAsH labeling solution (2 μM ReAsH + 20 μM BAL + 2 μM disperse blue) for 60 min at 37°C. The ReAsH labeling solution was removed and replaced with 2 mL of ATP inhibition media containing 100 μM BAL. This media was removed immediately and the cells were incubated with 2 mL of ATP inhibition media containing 100 μM BAL for 10 min at 37°C. The media was removed, and the cells were fixed using 4% paraformaldehyde (PFA) for 30 min at rt. The PFA was removed, and cells were rinsed once with DPBS and then blocked with 10% BSA in DPBS (PBSB) for 30 min at 37°C. Cells were labeled with primary antibodies (α-FLAG, 1:1000 dilution in PBSB, 1 h, 37°C) and then washed three times with PBSB (1X immediate, 2X 5 min). The cells were then incubated with FITC-labeled secondary antibodies (α-mouse, 1:200 dilution in PBSB, 1 h, 37°C) and washed as above using DPBS.
Total Internal Reflectance Fluorescence (TIRF) Microscopy. Total internal reflection fluorescence microscope (TIRFM) imaging was performed using an Olympus IX81 inverted microscope fitted with TIRF optics, a temperature-controlled stage, and a 63X/1.45 NA oil immersion TIRF objective. Images were collected on an EMCCD camera (Andor, Belfast). Signal from FITC-labeled antibodies (green) was monitored using the 488 nm line of an Ar/Kr laser for excitation, and emission was collected using a LP500 filter. ReAsH labeling was monitored using the 568 nm line of a He/Ne laser for excitation and a LP585 emission filter. Acquired images were analyzed using ImageJ. The mean red fluorescence was measured for (1) a peripheral region (R1) of a transfected cell, (2) a comparable region (R2) of a neighboring untransfected cell, and (3) a nearby region (B) of background from the glass. The mean green fluorescence (G1) was also measured for the identical region R1 to account for varying levels of receptor expression. The fold increase (normalized for receptor expression) was assessed as fold = [(R1 − B)/(R2 − B)]/G1. Error bars represent the standard error. Statistical analysis was performed using GraphPad Prism Software.
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